Abstract: This manuscript describes the elaboration of temperature sensitive highly magnetic latex particles. The particle core is crosslinked polymer matrix containing iron oxide nanoparticles. The shell is a combination of highly crosslinked hydrophobic polymer and crosslinked stimuli responsive hydrophilic polymer. The polymerization was performed in two steps: the elaboration of seed magnetic latex particles for oil in water magnetic emulsion and (ii) the functionalization of the obtained magnetic latexes via seed polymerization in the presence of water soluble reactants. The obtained final core-shell latexes exhibit the following properties: The iron oxide content is above 50 wt.%. The size distribution is governed by the size distribution of the used oil in water magnetic emulsion. The thermal sensitivity of the shell is due to the presence of poly(N-isopropylacrylamide). The cationic character of the outer layer shell is due to the use of cationic initiator and amino containing monomer.
Introduction
For biomedical applications, it is frequently required to extract, to purify, and to concentrate specific biomolecules contained in complex biological samples, often at low concentrations [1] . For these purposes, magnetic colloids have appeared as the solid phase of choice. In fact, such carrier exhibits high specific area and ease of use since single magnet allowing a fast and efficient separation of the particles from the continuous medium. Based on the magnetic properties of magnetic particles, cells, proteins, DNA, bacteria have been extracted [2, 3] .
In the field of molecular diagnosis, the DNA and RNA, are very often extracted from biological samples and need to be purified in order to enhance the sensitivity and amplified using classical biological process. Polymerase chain reaction (PCR) and reverse transcriptase-polymerase chain reaction (RT-PCR) are used for DNA and RNA amplification respectively [4] [5] [6] . The non-exhaustive specifications of the ideal particles for bionanotechnology-based biomedical diagnostic applications are:
-Small and uniform colloids of a high specific area; -High iron oxide content for rapid separation under permanent magnetic field;
-Reactive groups on the particles surface for the immobilization of biomolecules or receptors (oligonucleotides, DNA, proteins …); -Compatibility with biomolecules and the used biochemistry processes and technology. The elaboration of magnetic colloids has challenged many research groups as largely reported in the literature [2, 3, 7] . Briefly, two major strategies have been largely explored for the preparation of magnetic latexes; (i) using pre-formed polymer and iron oxide nanoparticles and (ii) incorporation of magnetic material (i.e. iron oxide) during the polymerization process in order to obtain polymer particles containing inorganic magnetic nanoparticles. In this direction, the first magnetic latexes have been prepared by Ugelstad et al. [8] . In fact, monodisperse magnetic particles over 1 µm in size were obtained by precipitation of iron oxides within pre-formed porous polymer latex particles. After iron oxide incorporation in the pores of the latex particles, the encapsulation and the functionalization are then performed in order to obtain latexes bearing desirable functionality. Such approach has been used by Furusawa et al. [9] and then Sauzedde et al. [10] by performing the adsorption of iron oxide nanoparticles onto submicron latex particles, the obtained hetero-coagulates were then encapsulated via seed radical polymerization to avoid leakage of the magnetic material. The magnetic latexes obtained using this approach are submicron in size and the mount of iron oxide is less than 30 wt.%. The second strategy was pioneered by Daniel et al. [11] and Charmot et al. [12] . In these works, they elaborated via radical polymerization in dispersed media, polystyrene magnetic particles by dispersing iron oxide nanoparticles, monomers, initiator and surfactant in water. The magnetic latex particles elaborated using this approach were fairly polydisperse with the presence of free inorganic nanoparticles and polymer particles. The amount of encapsulated iron oxide in the composite magnetic latex particles is in between 30 and 50% wt.%.
To improve the size distribution and the homogeneous encapsulation of iron oxide, miniemulsion polymerization has been largely explored [13] [14] [15] [16] [17] . Interesting work has been reported by Ramirez et al. [16] which consisted of mixing oil in water magnetic emulsion (iron nanoparticles, oleic acid, octane, sodium dodecyl sulfate (SDS)) with a second emulsion of styrene and SDS. The two emulsions are combined into miniemulsion via ultrasound system. After polymerization, the average particles size was found to be in between 40 to 160 nm, with a maximum magnetic content of 35 wt.%. Such magnetic latex particles are not appropriate for in vitro biomedical diagnosis, since high magnetic field is necessary to induce particles separation. In fact to induce particles separation, the applied magnetic field should counterbalance the brownian diffusion. In order to solve this problem, interesting work has been reported by Montagne et al. [18] and consisted in the use of oil in water magnetic droplets [19] . In brief, this new approach is based on the polymerization of styrene or hydrophophic monomers in the presence of oil in water magnetic droplets submicrometer in size and of high iron oxide content. The polymerization has been conducted after total diffusion of the used hydrophobic monomers into oil in water droplets using water-soluble initiator. The particle size and size distribution of the magnetic latex particles were fixed by the size of the used oil in water emulsion. The obtained magnetic latexes were highly magnetic since up to 60% (wt./wt.) iron oxide was encapsulated and exhibit core-shell like morphology.
The hydrophilic character is interesting in order to avoid for instance, the adsorption of proteic materials [20] , the denaturation of enzymes [21] and in some cases, in order to enhance the colloidal stability of the particles [22] . In this direction various works have been conducted in order to elaborate hydrophilic magnetic latexes [23, 24] , whereas, only few works have focused on the elaboration pH and temperature sensitive magnetic latexes.
Only a few literature is found on the elaboration of hydrophilic and particularly temperature sensitive magnetic latexes,. Sauzedde et al. [10] have reported on the elaboration of thermally sensitive magnetic latexes using stepwise approach as above described. The obtained composite particles are submicron in size and thermally sensitive. Inverse microemulsion polymerization process has been studied by Deng et al. [25] and the obtained magnetic particles are below 150 nm size, narrowly size distributed, hydrophilic in nature but exhibited low iron oxide content. In the same direction, interesting facts has been recently reported by Horak et al. [26] by using inverse emulsion polymerization or inverse miniemulsion polymerization as reported by Deng et al. [24] .
In this work we will focus mainly on the encapsulation and functionalization of preformed seed magnetic latexes prepared from oil in water magnetic emulsion. The encapsulation is performed using water-soluble reactants and the functionalization was induced by used amino-containing monomer. The thermal sensitivity is induced by the use of N-isopropylacrylamide monomer.
Results and discussion

Oil in water ferrofluid emulsion
Oil in water magnetic emulsions were first reported by Bibette et al. in 1993 [27] by examining various thermodynamical aspects. The preparation was based on classical emulsification process of organic ferrofluid using appropriate surfactants composition. The organic ferrofluid was composed of highly concentrated iron oxide nanoparticles stabilized via surfactant adsorption and dispersed in an aliphatic solvent. Basically, the colloidal stability of such complex emulsion ( Fig. 1) is principally related to the chemical composition such as the nature and the amount of organic solvent and the HLB (Hydrophilic-Lipophilic Balance) of the stabilizers. In this work, Ademtech Company provides the used magnetic emulsions. Before any use of the oil in water magnetic emulsion, the colloidal properties and the chemical composition were first studied. The size and size distribution were examined using both light scattering and transmission electron microscopy (TEM). The hydrodynamic particle size was found to be D h =195 nm, with narrow size distribution. The average number (D n ) and weight diameter (D w ) size determined by TEM (Fig. 2) were found to be 192 nm and 214 nm respectively. The polydispersity index (PDI) calculated from D n and D w is equal to 1.12, which revels the slight polydispersity of the used oil in water magnetic emulsion.
Fig. 2. TEM analysis of oil in water magnetic emulsion.
The chemical composition of oil in water magnetic emulsion was first examined by thermogravimetry analysis (TGA) and the composition was found to be the following: 69 wt.% of iron oxide nanoparticles, 31 wt.% of oleic acid and Triton surfactants after the evaporation of the organic phase. The chemical structure and the particles size of iron oxide nanoparticles used to prepare magnetic emulsion were examined using both automatic bench of magnetic measurements (ABMM) and X-Ray. The particles size was in between 5 to 12 nm and the chemical structure is found to be mixture of maghemite γ-Fe 2 O 3 and Fe 3 O 4 . The octane amount determined by gas chromatography is in between 10 to 100 mg per g of dried magnetic emulsion.
The zeta potential was examined as a function of pH in 1mM NaCl via the measurement of electrophoretic mobility and by using the Smolochowski's equation (1) . The zeta potential was found to be constant and equal to -40 mV irrespective of pH (above pH6). From pH 3 to 6, the zeta potential (in absolute value) increases with increasing the pH. The observed negative zeta potential is attributed to the presence of interfacial oleic acid molecules at the oil-water interface. More complete chemical characterization and colloidal properties of the used iron oxide nanoparticles and the elaborated oil in water magnetic emulsion are reported [19] .
Polymerization in the presence of oil in water magnetic emulsion
The polymerization was conducted using hydrophobic monomers in the presence of stabilize oil in water magnetic droplets as illustrated in Fig. 3 . The oil in water magnetic droplets are first stabilized by the amphiphilic polymer (80% acrylic acid / 20% polyoxalkylene-aryl methacrylate, M w = 50 000 g/mol) before adding styrene, divinylbenzene and potassium persulfate for polymerization at 70 °C.
A primary study was conducted using various recipes and also by conducting systematic studies [18] . Firstly, the diffusion of styrene (St) and St-DVB mixture was examined using gas chromatography. The diffusion process was found to be rapid when the concentration of the monomer(s) is lower than the solubility limit. Various polymerization recipes were examined by using styrene/2,2'-azobisisobutyronitrile (AIBN), St/potassium persulfate (KPS), St-DVB/AIBN formulations. Due to the incompatibility between the polystyrene phase and the internal phase of the ferrofluid droplets, phase separation and high amount of secondary nucleation were observed. Whereas the use of St-DVB/KPS recipe led to well defined magnetic core and polymer shell like morphology. This structured morphology is particularly observed when 60 wt.% St and 40 wt.% DVB were used. This last recipe (Tab. 1) was reproduced in this work in order to obtain seed magnetic core and crosslinked polystyrene shell. The polymerization conversion was first determined by thermogravimetry analysis and found to be in between 55 to 87% and then by classical gravimetry analysis and found to be in between 64 to 89%. It is interesting to notice, that negligible secondary nucleation was observed as carefully examined by TEM analysis (Fig. 4) . Whereas, marked secondary nucleation has been observed when the amount of styrene and DVB are high or when the diffusion period is short (i.e. no total diffusion of monomers in the droplets). It is interesting to notice, that when the incubation time (of monomer in the presence of oil in water magnetic emulsion) is short, the diffusion of monomer is low. Consequently, the secondary nucleation is more marked compared to the polymer shell of the final magnetic latex particles. The polymerization conversions were found to be less than 100%. These non-total conversions can be attributed to the inhibition due to iron oxide, the used amphiphilic polymer and non-charged surfactant. In addition, the polymerization conversion was found to be sensitive to the chemical composition of used oil in water magnetic emulsion.
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The morphology of the final magnetic latex particles is homogeneous and found to be core-shell like structure, with magnetic core and well-defined polymer shell. The thickness layer of the polymer shell was estimated by TEM and found to be around 15 to 20 nm (Fig. 4) . The thickness of polymer layer corresponds to polymer shell free from iron oxide nanoparticles. The size distribution is principally related to the polydispersity of the used oil in water magnetic emulsion. Due to the use of potassium persulfate and carboxylic containing amphiphilic polymer, the obtained latexes are negatively charged above pH 3. Fig. 4 . TEM analysis of seed magnetic latex particles prepared from oil in water magnetic droplet.
Encapsulation of seed magnetic latex particles
The simultaneous encapsulation and the functionalization of seed magnetic latex particles were performed via shot-grow process (Fig. 5) . The used seeds were first cleaned via repetitive separation and redispersion cycles in Triton x-405 solution (non ionic surfactant). In order to avoid the formation of water-soluble polymer, two crosslinkers divinyl benzene (DVB) and N-N-'methylene bis acrylamide (MBA) were used to incorporate N-isopropylacrylamide (NIPAM) monomer on the particles surface. In fact, to favour the incorporation of water-soluble reactants, small amount of DVB is introduced to swell the seed before adding NIPAM, MBA and AEM mixture. But, it is interesting to notice that, the use of DVB leads to the formation of few polymer particles (i.e. non marked secondary nucleation). This can be attributed to the partition of DVB between seed magnetic latex particles and water phase. When the incubation time of DVB is above 30 minutes, the secondary nucleation was reduced and in some cases totally suppressed. The presence of high DVB amount in the continuous phase (i.e. below 30 minutes incubation time) contributes to emulsion polymer rather than seed encapsulation process. The influence of water-soluble crosslinker (MBA) was found to be more complex and the following two observations were deduced: (i) secondary nucleation amount decreases with decreasing MBA amount in the polymerization recipe and (ii) the nonuse of MBA leads waster soluble polymer formation only (Fig. 6 ). This can be attributed to non-diffusion of MBA into the seed particles and also to its high reactivity and solubility in water. In brief, when the MBA concentration was diminished, the secondary nucleation was drastically reduced and in some cases totally avoided. Regarding the effect of 2-aminoethylmethacrylate hydrochloride (AEM) functional monomer (AEM), it was pointed out that the use of low amount of AEM monomer leads to core-shell like (Fig. 7) , stable, cationic magnetic latex particles. Whereas, the use of high amount of AEM enhances the water-soluble polymer formation.
Concerning the conversions, all investigated polymerizations, leads to high overall conversions (above 85%) and 60 to 70% polymerization conversions on the preformed seed. It is interesting to notice that, the access to individual monomer conversion is far to be solved in such work since the used monomer amounts are low and well-appropriate separation techniques are few. Fig. 7 . TEM analysis of encapsulated seed magnetic latex particles performed using water-soluble monomers including 2-aminoethylmethacrylate hydrochloride (AEM) functional monomer.
The average hydrodynamic size was found to increase as a function of polymerization step as expected. The average hydrodynamic size of used oil in water magnetic emulsion is 195 nm and 230 nm after the first polymerization and 260 nm after the second polymerization. This last value was from the encapsulation performed using 8 wt.% of AEM in the polymerization recipe. The observed narrow size distribution is related to the used oil in water ferrofluid based magnetic emulsion as above motioned. The zeta potential of the final hydrophilic magnetic latexes was investigated as a function of pH and found to be incontestably related to the amount of used functional monomer (AEM) as below depicted in Figure 8 . In fact, the increase in the amount of AEM in the polymerization recipe leads to more and more cationic particles in a broad pH-range. Temperature (°C) Zeta potentail (mV) Fig. 10 . Effect of temperature on the zeta potential for two cationic hydrophilic magnetic core-shell latex particles () prepared with 6 wt.% AEM and () with 5 wt.% AEM. The zeta potential was measured at pH 3 in 1mM NaCl.
The isoelectric point (IEP) determined from the zeta potential versus pH was found to be functional monomer amount (AEM) dependent. The obtained IEP deduced from Figure 8 are presented in Figure 9 . The observed increase in the IEP of functionalized latex particles is principally related to increase in the surface charge density. Similar tendency has been already reported in the case of batch emulsion copolymerization of styrene and AEM [28] .
Due to low thickness layer of the thermally sensitive shell, the particle size cannot be investigated as a function of temperature as usually reported in the case of thermallysensitive microgel particles [29] [30] [31] . Then only the electrokinetic properties of magnetic latex particles were investigated as a function of temperature. The thermally sensitive character of the final cationic magnetic latex particles was examined by investigating the effect of temperature on the zeta potential at acidic pH (Fig. 10) . The average zeta potential increases as a function of temperature, revealing that charged polymer shell is thermally sensitive. For such study it is not possible to deduce the electrokinetic transition temperature (EKTT) due to the presence of hard core, and the thin thermally sensitive layer.
Conclusions
The purpose of this study was to elaborate hydrophilic cationic and thermally sensitive magnetic latexes from oil in water magnetic emulsion. To target such objective, two stage polymerization process were used: (i) the elaboration of seed magnetic latex particles, and (ii) the functionalization of the seed by using watersoluble monomers. The cationic character was induced by using amino-containing monomer.
The seed magnetic latex was prepared via batch radical polymerization using 60/40 wt./wt. % St/DVB and water-soluble initiator (2 wt.% potassium persulfate). The obtained composite latexes exhibit magnetic core and crosslinked polymer shell morphology.
The simultaneous encapsulation and functionalization was performed on seed magnetic latex particles. The encapsulation was successfully reached and found to be principally water-soluble crosslinker (MBA) amount dependent. In fact, the increase of MBA amount in the polymerization recipe reduces the water-soluble polymer formation and enhances the shell polymer formation. When 0 % MBA was used, the secondary nucleation is formed. Regarding the functionalization, the cationic character of the final particles is influenced by the AEM amount. The use of large amount of functional monomer (AEM) leads to high water-soluble polymer formation and highly cationic particles. The overall polymerizations are above 85% including high water soluble polymer formation. The thermally responsive property of the final magnetic latex core-shell like particles was pointed by examining the zeta potential versus temperature at acidic pH. The zeta potential increases with increasing temperature irrespective of the used AEM amount.
Experimental part
Thermogravimetry analysis
The particles concentration was determined from the total dispersion using the following process. Samples of 1 ml of magnetic emulsion were dried which allowed the determination of the solid particles concentration to be performed by neglecting the amount of organic phase in the droplets. The water-soluble species were gravimetrically quantified and found to be negligible.
Gas chromatography
Octane concentration in the magnetic emulsion was determined by gas chromatography (9000 Perkin). The column was a 10% carbowax 80/400, 2 meter length. The detection was performed with flame ionization. The amount of residual octane solvent was determined using THF as internal standard.
Electrophoretic mobility
The electrophoretic mobility experiments were conducted at 25 °C on a Zetasizer 3000HS (from Malvern Instrument, France) as a function of pH in 1mM NaCl concentration using highly diluted magnetic emulsion. Each value was the average of at least five measurements. The obtained electrophoretic mobilities (µ) were used to get the values of the zeta-potential (ζ)
where ε 0 and ε r are the permittivity of vacuum and the relative permittivity of the medium, respectively, η the viscosity of the medium.
Iron oxide content and magnetic measurements
The iron oxide nature and content in the magnetic emulsion are determined using Xray and magnetic measurement on the ABMM (automatic bench of magnetic measurement, CNRS-IRC, Villeurbanne). In addition, the magnetic property of the magnetic emulsion is carried out by measuring its magnetization as a function of the applied magnetic field. This leads to a determination of the iron oxide content per gram of the solid dispersion [18] .
Particle size analysis
The particle size and size distribution of the prepared magnetic emulsion were determined using transmission electron microscopy (TEM). The polydispersity index (PDI) was calculated from the particle size analysis using the number and weight average diameters (D n and D w respectively).
where n i is the number of species i with diameter D i . The polydispersity index (PDI) of the latex particles was quantified by the uniformity ratio as follow:
The mean hydrodynamic diameter (D h ) was obtained using light scattering (Malvern Zetasizer 3000HS, from Malvern Instrument, England) and the Stokes-Einstein equation of the particle diffusion coefficient D:
where k is the Boltzmann constant and T the absolute temperature.
Polymerization process
Radical polymerization in the presence of oil in water magnetic emulsion were carried out according to a batch process in a 60 ml three neck glass reactor equipped with a glass anchor type stirrer, a reflux condenser and a nitrogen inlet. The temperature was regulated at 70 °C by using a thermal bath. For each experiment, 50 ml of magnetic emulsion with solid content around 4% (e.g. 2 g of dry extract) were first stabilized with an amphiphilic polymer solution via the exchange process achieved by three separation/redispersion cycles. The amphiphilic polymer solutions were prepared at a concentration below the critical aggregation concentration (CAC), i.e. 0.5 mg/ml. Note that in this study, pH of AP solutions was around 9 in order to reduce aggregation during preparation and polymerization. Magnetic droplets were finally redispersed in boiled and degassed Milli-Q water, and introduced in the reactor and purged with nitrogen for few minutes under stirring (300 rotation per minute (rpm)) to remove oxygen. Then, a mixture containing fixed amounts of monomer (60 wt.% St and 40 wt% DVB) was added in the reactor. The medium was kept under stirring for one hour at room temperature to allow the diffusion of monomer inside the ferrofluid droplets. Finally, the temperature was rapidly increased to 70 °C. KPS was first dissolved in 500 µl of boiled and degassed Milli-Q water and then added in the swollen emulsion at a temperature of 70 °C. The polymerization proceeded at constant stirring (300 rpm) for 16 hours.
Tab. 2.
Reactants used in the first polymerization leading to oil in water transformation via radical polymerization.
Reactants
Chemical structure The functionalization was performed using seed radical polymerization by using 40 ml of seed magnetic latex particles (at 4.5 %) prepared via oil in water transformation.
